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Mammalian enamel is one of the hardest and most mineralized tissues in the body. Its main function
is to support the loads generated during the chewing process. Mechanical, chemical and ultrastructural
properties are responsible for providing it with the high resistance necessary to withstand constant loads
and for making the animal’s tooth functional through its life. Animal bite forces as well as their feeding
patterns can influence enamel ultrastructure, improving its behavior when facing chewing loads.
A brief review of enamel mechanical and chemical properties as well as a brief review on mammalian
enamel decussation characteristics are presented in chapter 2. The methodology used in this study is
shown in chapter 3, experimental results in terms of mechanical, chemical and ultrastructural properties
are presented in chapter 4. In Chapter 5 the results of the experimentation are analyzed in terms of their
statistical correlations and the relationship between enamel properties, bite force, and feeding patterns of
the analyzed specimens. Finally the conclusions of this investigation are shown in chapter 6.
The bite force of the analyzed animals (BFQ) is related to the elastic modulus of the enamel and
that the enamel of the analyzed species shows similar characteristics to human enamel in terms of the
variations in mechanical and chemical properties. The properties analyzed were compared in terms of
the taxonomic classification or the feeding patterns of the analyzed specimens. The mechanical variables
(elastic modulus and hardness) do not seem to be related to taxonomic classification or feeding patterns.
The decussation fraction is greater than 0.8 regardless of the taxonomic classification or feeding patterns,
enamel thickness and decussated thickness are statistically correlated with decussated band thickness,
this could indicate that these variables are important in delaying crack growth. Ultrastructural variables
do not seem to depend on taxonomic classification or feeding patterns.
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1 Introduction
Dental enamel, one of the hardest tissues in the body, surrounds the dental crown, and is responsible
for providing resistance to crack growth in order to prevent tooth fracture (Yahyazadehfar, Bajaj, and
Arola, 2013; Thompson, 2020). This important characteristic is given by enamel prism decussation, that
is, the existence of a wavy path created by variations in the curvature of enamel prisms when crossing
each other while traveling from the dentino-enamel junction (DEJ) to the outer enamel surface (Berkovitz
and Shellis, 2018c; Thompson, 2020).
Enamel decussation is essential in tooth resistance to crack growth (Gao et al., 2016). To date,
there are multiple investigations related to enamel decussation patterns in humans (Shimizu and Macho,
2008; Bajaj and Arola, 2009b; He et al., 2013; Lucas et al., 2016; Pro and Barthelat, 2019; Beniash
et al., 2019), but little research on the importance of this pattern in other mammals (Rensberger and
Wang, 2005; Weng et al., 2016; Yilmaz, Koldehoff, and Schneider, 2018; Carreon and Funkenbusch,
2019; Arango-Santander et al., 2020), specifically taking into account bite forces and feeding patterns
(Yahyazadehfar, Bajaj, and Arola, 2013; Lucas et al., 2016).
Mechanical, chemical, and ultrastructural properties of mammalian enamel may be related. Changes
in the value of one of these properties can produce changes in the others or, on the contrary, be compensated
due to their stability. Characterizing the relationship between these properties, the bite force and the
eating habits of mammals could help to better understand enamel properties and its fundamental role in
protecting the tooth against fracture and the consequences that this would bring for the animal life.
2
2 Literature review
Teeth and their structure are well known and studied. Teeth and especially enamel, allow obtaining
information on ancient species due to its long-time of degradation and structural nature (Macchiarelli and
Bailey, 2007; Teaford, 2007; Xing, Martinón-Torres, and Bermúdez de Castro, 2018; Thompson, 2020).
Teeth should remain functional throughout the animal lifespan, as their fracture can be catastrophic and
cause dental failure, starvation and death (Lucas and van Casteren, 2015; Ungar, 2015; van Casteren
and Crofts, 2019). Dietary habits of different mammals present a risk of occurrence of dental fracture.
However, this risk is compensated through a specialized structure, the enamel, which receives the force
of the chewing load (Peres Line and Duarte Novaes, 2005). In this chapter a review of the mechanical,
chemical and ultrastructural properties of enamel is presented in order to understand the importance of
the research carried out in this thesis.
2.1 Mammalian feeding
Mammals are endothermic animals, they regulate their body temperature through a combination of
a high metabolic rate and an insulating layer of hair. Being endothermic gave mammals the ability to
be independent of the environment, and thus the potential to colonize almost every region of the planet
as they evolved (Berkovitz and Shellis, 2018b). Animal survival is determined, in part, by the ability to
acquire and store energy, which in turn depends on the ease of the animal to detect, capture and acquire
food (Svanbäck and Bolnick, 2019).
Mammalian evolution involved changes in their oral cavity: shape and size of the maxillary bones
and dentition, temporomandibular joint configuration and, the ability to process food through chewing
(Berkovitz and Shellis, 2018b). Regarding dentition, the development of the tribosphenic molar was
essential for mammalian evolution. Tribosphenic molar combined crushing and shearing functions, and
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provided the morphological base for the subsequent evolution of the different dental morphologies used
today by mammals (Davis, 2011; Price et al., 2012).
2.1.1 Bite forces
The mechanical loads produced during chewing are determined by the animal’s bite force. In some
mammals, these forces can overcome the fracture tolerance that arise during chewing and are typically
characterized by maximum bite force (Wilmers and Bargmann, 2020). In larger mammals, chewing
forces can easily overcome the fracture tolerance given by prism decussation (Maas and Dumont, 1999).
Teeth functionality depends on the structure and integrity of the enamel (Lucas et al., 2008). It has been
proved that enamel thickness and ultrastructure, as well as tooth geometry, are essential to determine the
force that a tooth can withstand without fracturing (Maas and Dumont, 1999; Constantino et al., 2009).
The magnitude of bite force depends not only on the size and body mass, but also on the morphology
of the skull and on the eating habits (the force required to process food is determined by the type of
food: some foods break easily, while others are tougher) (Ellis et al., 2009; Kim et al., 2018). Some
foods must be divided into small pieces for an efficient digestive process while others simply need
to be small enough to be swallowed, then, the most effective tooth structure to process food varies
with food mechanical properties (Evans and Pineda-Munoz, 2018). Mammalian teeth are adapted to
interact with 3 types of food: plants and grasses (herbivores), meat (carnivores) and, insects and worms
(insectivores), a diet that consists of the combination of these 3 types of food (omnivores) is present in
several mammals (Berkovitz, 2013). As teeth have the particularity of being adapted to the functions that
they must perform, they present highly variable structures (Hillson, 2005).
Bite force is highly correlated with body size, so it is necessary to separate these values to have
a valid comparison of force between animals of different sizes, taking this into account, bite force
quotient (BFQ) allows the comparison of bite forces in taxa of greatly differing body masses (Meers,
2002; Christiansen, 2007). Another advantage of using BFQ is being able to make more meaningful
comparisons based on small data sets (Wroe, McHenry, and Thomason, 2005). When normalized for
body mass, bite forces (i.e. BFQ) differ significantly between the various feeding categories (herbivores,
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carnivores, insectivores, and omnivores). Mammals that feed on tough fibrous plant material and carnivores
that feed on large prey have highBFQ, while theBFQ is low among specialized insectivores. Omnivores
and carnivores that eat small prey have more moderate BFQ for their size (Wroe, McHenry, and
Thomason, 2005; Christiansen and Wroe, 2007; Wroe and Milne, 2007).
2.2 The tooth
Mammalian tooth’s quality is given by a complex dental morphology that differs according to the
functions of each tooth and by an increasing complexity of the enamel structure (von Koenigswald and
Pfretzschner, 1991). The tooth consists of a crown, which is exposed in the mouth, and one or more roots
embedded in the maxillary bone (Hillson, 2005; Berkovitz and Shellis, 2018b) (Fig. 2.1). Each tooth is
made up of several tissues: 1) a hard, highly mineralized, inert acellular tissue called enamel, 2) a less
mineralized, more resistant and vital tissue, called dentin, which serves as a substrate for enamel and, 3)
pulp, a soft connective tissue that in turn is the substrate for dentin.. In mammals, teeth are attached to the
jaw by connective tissues that support them (cementum, periodontal ligament, and alveolar bone), which
provide the flexibility necessary to withstand the forces exerted by chewing (Nanci, 2017; Berkovitz and
Shellis, 2018b).
Figure 2.1: Schematic of a tooth (Berkovitz and Shellis, 2018b)
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Teeth have important functions such as chewing (and speech in the case of humans), but they also
serve as attack and defense weapons. Teeth must remain firmly attached to the jaw bones to fulfill
these functions (Nanci, 2017). Some vertebrate species replace their dentition several times throughout
their life span (polyphyodont). However, humans and most mammals only develop two sets of teeth:
deciduous and permanent teeth (diphyodont) (Giacaman, Perez, and Carrera, 2016). In addition, enamel
does not have living cells, therefore it is not remodeled nor is it possible to recover the tissue when it
fractures or wears out (Teaford, 2007; Yilmaz, Schneider, and Swain, 2015).
2.2.1 Tooth morphology
Mammalian dentition is made up of repeating functional units (teeth) that are arranged along a
curvilinear axis (hemimandibles). Most mammals have heterodont dentition, that is, different types of
teeth can be differentiated in the dental arch: the anterior teeth (incisors and canines) and the posterior
(or cheek) teeth (premolars and molars). The number and the arrangement of each of these types of
teeth (that is, the dental formula) and its exact morphology depend mainly on the feeding pattern of these
animals (Zhao, Weiss, and Stock, 2000; Hillson, 2005).
Figure 2.2: Schematic of human upper and lower permanent dentition: incisors (i),
canines (c), premolars (p), and molars (m). -Superscript numbers denote upper teeth
and subscript numbers denote lower teeth- (Hillson, 2005)
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Each type of tooth has a particular shape and function (van Casteren and Crofts, 2019). The incisors,
due to its triangular shape, function as instruments for biting and cutting food. The canines, which are
conical in shape and have a prominent cusp, function to pierce or tear food and also to kill and immobilize
the prey. The premolars, due to their prominent cusps, usually have a puncturing and crushing role.
Finally the molars, that have a wide masticatory surface, grind food during chewing (Fehrenbach and
Popowics, 2015). The variations in the morphology of the posterior teeth are greater than in the anterior
teeth, this variation degree is related with the different requirements for breaking down the food (Fig.
2.2)(Rensberger, 2000; Berkovitz and Shellis, 2018b).
2.3 Enamel
Tooth enamel is one of the hardest and most mineralized tissues in the body. Its composition (by
weight) is: 96% inorganic material, 3% water, and 1% protein (Ramakrishnaiah et al., 2015; Nanci,
2017; Berkovitz, Holland, and Moxham, 2017; Mansoor et al., 2019). The inorganic enamel material is a
crystalline calcium phosphate (hydroxyapatite) substituted with carbonate ions (Sakae, 2006; Giacaman,
Perez, and Carrera, 2016). Enamel is found in the outermost layer of the crown of the tooth. Its
main function is to protect the underlying dental tissues (dentin and pulp) from the mechanical forces
produced during chewing and from the chemical environment present in the mouth (An et al., 2012;
Yilmaz, Schneider, and Swain, 2015). Because of its exceptionally high mineral content, enamel is a
brittle tissue (Nanci, 2017). Even though mammalian tooth enamel is a fragile material, it is capable
of withstanding high bite forces imposed thousands of times a day during the chewing process (Chai
et al., 2009b). Composition, mechanical properties and hierarchical ultrastructure allow the enamel to
resist the mechanical forces applied during chewing (Popowics and Herring, 2006). The analysis of
damage tolerance in dental enamel to the different types of foods present in the diet of mammals can
be approached from 2 points of view: 1) Variations in enamel thickness and 2) variations in enamel
ultrastructure (Teaford, 2007).
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2.3.1 Enamel ultrastructure
To achieve fracture tolerance, enamel possesses a hierarchical ultrastructure (von Koenigswald and
Clemens, 1992; Bechtle, Ang, and Schneider, 2010; Yilmaz, Schneider, and Swain, 2015; Beniash et al.,
2019). The fundamental unit of enamel is a hydroxyapatite crystallite (level 0), these crystallites are
grouped (level 1) to form the prisms (≈ 5 µm diameter) and the interprismatic enamel, a thin layer
(≈ 0.5 µm) that surrounds each prism (level 2). The prisms are grouped to form the next hierarchical
level (level 3): enamel types, which are defined according to prism orientation, radial enamel is formed
by prisms that are parallel to each other and decussated enamel is formed by prisms that cross each
other with different orientations. Finally, the “Schmelzmuster” (enamel pattern; level 4), defines the
three-dimensional distribution of the different enamel types in a tooth (Fig. 2.3) (Maas and Dumont,
1999; Yilmaz, Schneider, and Swain, 2015).
Figure 2.3: Overview of the hierarchical organization in bovine enamel (Yilmaz,
Schneider, and Swain, 2015)
Mammalian enamel ultrastructure has been evaluated using polarization microscopy, X-ray diffraction,
electron microscopy, electron diffraction, and so forth (Lynch et al., 2010; Bergqvist and von Koenigswald,
2017; Yilmaz, Koldehoff, and Schneider, 2018; Zhang et al., 2020b; Koldehoff, Swain, and Schneider,
2020).
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2.3.1.1 Level 1 - Crystallites
Enamel apatite crystallites (30 nm thick and 70 nm wide) are very long and are not all parallel to the
prism long axis (Berkovitz, Holland, and Moxham, 2017). The shape of the crystallite may be different
between species and may also become irregular as the size of the crystallite increases during enamel
maturation (Maas and Dumont, 1999). The crystallites within the prisms have two main orientations: in
the central region of the prism (head), the crystallites are oriented along the prism axis (Fig. 2.4a), while
towards the tail of the prism, the crystals are gradually tilted, forming an angle about 60◦ with respect to
the prism axis (Fig. 2.4b) (Sakae et al., 2011; Berkovitz, Holland, and Moxham, 2017).
Figure 2.4: Schematic representation of crystallite orientation. a) cross-sectional view;
b) lateral surface (Berkovitz, Holland, and Moxham, 2017)
2.3.1.2 Level 2 - Prisms
Enamel prisms are rod-shaped (cylindrical) beams of crystallites. The long axis of a prism extends
from the DEJ to the outer surface of the tooth (Shore et al., 1995). Crystallites that are outside the
prisms are called interprismatic enamel. The difference between prisms and interprismatic enamel is
given by the orientation of their crystallites and not by their composition (Maas and Dumont, 1999). The
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edges of the prisms are produced by a change in the orientation between the prismatic and interprismatic
crystallites (Shore et al., 1995). In these places, there is an accumulation of water and proteins, which
generates a new structure called prism sheaths (Maas and Dumont, 1999).
Figure 2.5: Isometric views of the prism patterns present in mammalian enamel: Prisms
are aligned in staggered rows in patterns I and III and in parallel shapes in pattern II
(Hillson, 2005)
In a cross-section, the prisms can have one of three patterns (Fig. 2.5). In pattern I, the prisms have
full edges and there is a clear distinction between prisms and interprismatic enamel. In pattern II and III
enamel, the edge of the prism is not closed, i.e. the interprismatic enamel anastomoses to the prisms,
and there is a gradual change in the orientation between the intraprismatic and interprismatic crystals in
the cervical region of the prisms (Yilmaz, Schneider, and Swain, 2015). The prisms of pattern I enamel
have a circular shape, while in patterns II and III prisms are key-hole (Maas and Dumont, 1999; Hillson,
2005). Prisms in pattern I and II are aligned in parallel rows, and in pattern III prisms are arranged in
staggered rows such that the tail of a prism is between two heads in the next row, giving a key-hole
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appearance. These three types of patterns are present in the dentition of mammals but its distribution is
variable (Hillson, 2005; Yilmaz, Schneider, and Swain, 2015; Berkovitz, Holland, and Moxham, 2017).
2.3.1.3 Level 3 - Enamel types
The enamel units in which the prisms have similar orientations are defined as enamel types. To
analyze and describe the three-dimensional orientation of the prisms, the DEJ serves as a practical
reference plane (von Koenigswald and Clemens, 1992). The two most common enamel types are radial
enamel and decussating enamel. In radial enamel, all prisms are approximately parallel to each other as
they extend from DEJ to the surface. On the other hand, in decussating enamel, the prisms are organized
in layers or alternate groups that extend from the DEJ towards the surface in different orientations (Maas
and Dumont, 1999) (Fig. 2.6).
Figure 2.6: Longitudinal section of lion (Panthera leo) molar enamel (dz =diazones, pz
=parazones)
Enamel decussation produces the optical phenomenon called Hunter-Schreger bands (HSBs), which
are the result of the different refractive properties of the prisms with different orientations in the adjacent
layers (Fig. 2.7) (Lucas, 2004). HSBs are seen more clearly in longitudinal sections and are found in
the two inner thirds of the enamel (Wilmers and Bargmann, 2020). In any enamel section (longitudinal
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or transverse), some prism bands will appear to be cut almost transversely (diazones) while neighboring
bands will appear to be cut more longitudinally (parazones) (Shore et al., 1995).
Figure 2.7: The appearance of Hunter-Schreger Bands viewed using reflected light
(Lynch et al., 2010)
2.3.1.4 Level 4 - Schmelzmuster
Enamel pattern describes the spatial distribution of different enamel types in a tooth (Yilmaz, Schneider,
and Swain, 2015). In most mammals, the enamel region near the DEJ (inner enamel) is composed of
decussating enamel and the enamel of the dental surface (outer enamel) is radial enamel. The change
in the types of enamel produces a slight change in the composition since the protein content of the
enamel increases from the outer region to the inner region (Yilmaz, Schneider, and Swain, 2015).
The Schmelzmuster is different between mammals. These differences may be important in taxonomic
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terms, but their main contribution is related to dental function and possibly with animal feeding patterns
(Berkovitz and Shellis, 2018c).
2.3.2 Role of decussation
Studies on the tooth fracture resistance seem to indicate that the mechanism to prevent damage is
to contain the defects rather than avoid them (Chai et al., 2009b). Although enamel high mineralization
is a factor that influences on its mechanical properties, enamel’s response to stress is modulated by
its ultrastructure (Maas and Dumont, 1999). Enamel ultrastructure was recognized as a fundamental
factor in the dental function and therefore in mammalian diet in the 80s and 90s (Rensberger and von
Koenigswald, 1980; von Koenigswald and Pfretzschner, 1991; Stefen and Rensberger, 1999). It is known
that enamel ultrastructure has adapted to the stresses generated during mastication (Constantino et al.,
2009). Enamel prism decussation increases the fracture tolerance as the bite forces increase (Rensberger,
2000).
Figure 2.8: Schematic diagram of prism orientation in the outer and the inner enamel.
Prism curving occurs in the inner enamel resulting in decussation (Bajaj and Arola,
2009a)
The general function of decussation bands is to serve as an important crack stop mechanism, mainly
because cracks most commonly occur along the edges of the prism and less frequently across the prisms
(von Koenigswald, Holbrook, and Rose, 2011; Berkovitz and Shellis, 2018c). The interface between
the outer radial enamel and the inner decussating enamel is a defense mechanism against crack growth.
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Inner enamel, the region where the highest degree of decussation occurs, behaves differently than outer
enamel. Inner enamel has a messy appearance, which gives it greater resistance to loads and therefore
greater protection to the DEJ (Lucas, 2004; Bajaj and Arola, 2009a) (Fig. 2.8). In conclusion, it is easy
to create fractures within the enamel, but prism decussation makes it difficult to drive these fractures to
failure (Chai et al., 2009a).
2.3.3 Enamel characterization
2.3.3.1 Mechanical properties
Measurement of enamel mechanical properties has allowed its characterization and has served to
develop restorative materials with similar mechanical properties (An et al., 2012). Enamel is an anisotropic
material and its particular mechanical properties depend upon the location and are determined by its
hierarchical structure and chemical composition (Cuy et al., 2002; Park et al., 2008; Cheng et al., 2010;
He et al., 2013; Zhang et al., 2014).
The most commonly evaluated mechanical properties in enamel are elastic modulus, hardness, and
fracture behavior (Cuy et al., 2002; Park et al., 2008; He, 2008; He and Swain, 2009; Zhang et al.,
2014; Mansoor et al., 2019). The development of advanced measurement methods has allowed micro
and macroscopic tests to be carried out, thereby measuring the mechanical properties on the nanometric
scale and in a direction parallel and perpendicular to the prisms (Habelitz et al., 2001; Cuy et al., 2002;
He and Swain, 2009).
Hardness and elastic modulus values in human enamel vary from 3 to 6 GPa and from 55 to 130
GPa respectively, both values increase with the distance from the DEJ and with age. Furthermore,
hardness and elastic modulus values are related to enamel prisms orientation (Cuy et al., 2002; Park
et al., 2008; He and Swain, 2009; Zhang et al., 2014; Mansoor et al., 2019).
Enamel fracture properties have been evaluated using inset compact tension specimens, flexural test
(three and four-point bend test), and the indentation fracture toughness approach, among others (Bajaj
and Arola, 2009b; Hayashi-Sakai et al., 2012; Yahyazadehfar, Bajaj, and Arola, 2013; Hájková, Jíra,
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and Řehounek, 2018). The stress intensity factor KIC as fracture toughness index has been widely
used (Bajaj and Arola, 2009b; Yahyazadehfar, Bajaj, and Arola, 2013; Yahyazadehfar and Arola, 2015).
However, the use of the indentation fracture toughness KC has increased (Padmanabhan et al., 2010;
Hayashi-Sakai et al., 2012; Hájková, Jíra, and Řehounek, 2018). Using a fracture mechanics method,
fracture toughness values of 0.67 ± 0.12 and 1.13 ± 3.93 MPa ·m0.5 have been reported for external
and internal enamel respectively (Zhang et al., 2014).
2.3.3.2 Chemical properties
Mammalian enamel chemical composition, in deciduous and permanent teeth, has been analyzed
by means of energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), Fourier Transform
infrared spectroscopy (FT-IR), Raman microspectroscopy, and so forth (He et al., 2011; Xu et al., 2012;
Biswas et al., 2012; He et al., 2013; Ghadimi et al., 2014; Zamudio-Ortega et al., 2014; Mansoor et al.,
2019; Arango-Santander et al., 2020; Zhang et al., 2020a).
EDS tests showed that in a healthy tooth, the amount of calcium, phosphorus, magnesium and sodium
in tooth enamel increases with age, while the amount of carbon, nitrogen and oxygen decreases with age,
besides an increase in the amount of calcium and phosphorus from the DEJ towards the outer surface
of the enamel was observed (He et al., 2011; Biswas et al., 2012; Mansoor et al., 2019). XRD analysis
have allowed to establish the crystallographic dimensions of the hydroxyapatite present in the dental
enamel of humans and other mammals, both in healthy and diseased teeth, in addition, it has shown
that in healthy teeth, the crystallinity of enamel hydroxyapatite is greater than the crystallinity of dentin
hydroxyapatite (Hanlie, Liyun, and Tao, 2006; Eimar et al., 2011). Changes in chemical composition
caused by pathologies such as enamel hypomaturation or hypomineralization have been identified using
FT-IR analysis (Lopes et al., 2018).
Raman microspectroscopy is non invasive, non destructive, it allows obtaining simple and easy to
reproduce results, and the analysis of the samples at the micrometric level (Carden and Morris, 2000;
Leroy et al., 2002; Ramakrishnaiah et al., 2015). Raman microspectroscopy allows a complete molecular
analysis of mineralized dental tissues and has been frequently used to analyze tooth composition, both
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in healthy samples and in those that have undergone treatments or have cavities (Carden and Morris,
2000; Zavala-Alonso et al., 2012; Akkus, Karasik, and Roperto, 2017). The analysis of dental enamel by
means of Raman microspectroscopy is focused on the ν1 phosphate (960 cm−1) and B-type carbonate
(1070 cm−1) peaks. Changes in the area and position of these peaks are related to changes in phosphate
and carbonate content respectively (Leroy et al., 2002; Zavala-Alonso et al., 2012; Xu et al., 2012).
Finally, the combination of mechanical and chemical analysis has allowed a better characterization
of dental enamel in terms of the relationship between its mechanical properties and its composition, for
example, it was established that hardness and modulus of elasticity increase in enamel as a consequence
of enamel mineralization (Baldassarri, Margolis, and Beniash, 2008; Eimar, 2011; Xu et al., 2012;
Akkus, Karasik, and Roperto, 2017; Mansoor et al., 2019).
2.3.3.3 Mammalian enamel decussation
Enamel ultrastructure of the both extinct and extant mammals has been studied over the years due to
the ease of extracting information from this tissue given by its long degradation time and structural nature
(Boyde, 1964; Boyde, 1997; Stefen, 1999a; Stefen, 1999b; Rensberger and Wang, 2005; Wiszniowska
et al., 2010; von Koenigswald, Holbrook, and Rose, 2011; Lucas et al., 2016; Yilmaz, Koldehoff, and
Schneider, 2018; Arango-Santander et al., 2020; Zhang et al., 2020a).
In terms of the hierarchical structure of enamel, measurements of the components of the different
levels have been made in various animals (Daculsi and Kerebel, 1978; von Koenigswald, 2004; Rensberger
and Stefen, 2006; Beniash et al., 2019). In general it has been found that:
• The size of the hydroxyapatite crystals does not vary between the species (Wilmers and Bargmann,
2020).
• The cross section of the prisms is generally circular, however, polygonal shapes have been found,
for example, in the enamel of canids and felids (Stefen, 2001; Rensberger and Wang, 2005;
Wiszniowska et al., 2010).
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• Cross-sectional shapes vary from circular and ellipsoidal patterns to key-hole shaped, and different
prism shapes can be found within the enamel covering of an individual tooth (von Koenigswald,
1997; Stefen, 1999a; von Koenigswald, 2009; von Koenigswald, Kalthoff, and Semprebon, 2010;
Tabuce et al., 2017; Wilmers and Bargmann, 2020).
• In some species there is only one enamel pattern, however in others, although there is a predominant
pattern, there may be a mixture of patterns (Berkovitz and Shellis, 2018c).
• Prism decussation is more developed in mammals that exert high masticatory forces and large
occlusal efforts, in turn, is less evident in animals whose diet is based on soft foods. Also, prism
decussation is present in animals that have large teeth (molars 6 mm wide or more) (Rensberger,
2000).
• In both radial and decussating enamel, prisms generally deviate from their initial course and exhibit
at least one type of curvature. Besides, in some types of radial enamel, the prisms curve in the
cervical direction. Besides, in decussating enamel, HSBs may be several prisms wide (20− 50),
named multiserial enamel, but there is also pauciserial (4 − 5 prisms) and uniserial enamel (1
prism) (Berkovitz and Shellis, 2018c)
• At a higher level, Schmelzmuster may show variations between the teeth within a dentition and
between different species of mammals. These variations may be important in taxonomic terms,
although they are mainly due to differences in the functions of the teeth of each species (Berkovitz
and Shellis, 2018c).
Despite what is known about the ultrastructure, as well as about the mechanical and chemical properties
of mammalian enamel, this information has not yet been related to bite forces or feeding patterns.
Knowing this relationship could lead to a better understanding of the importance of enamel ultrastructure
with respect to the stresses to which enamel is subjected during chewing process.
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3 Materials and methods
The main objective of this study was to characterize the mechanical, chemical and ultrastructural
properties of mammalian enamel and their variations in terms of the distance to the DEJ and between
the different regions of the tooth. To achieve this goal, nanoindentation tests, Raman microspectroscopy,
and SEM imaging were used and performed on enamel samples from selected mammals.
3.1 Sample collection and preparation
The dental enamel of 6 different mammalian specimens was analyzed. One tooth from each animal
was analyzed in order to characterize dental enamel.
Figure 3.1: Average bite force quotient (BFQ) for the evaluated specimens (human BFQ
is used for comparison purposes only (Hite et al., 2019))
The following animals were chosen according to their BFQ (Wroe, McHenry, and Thomason,
2005; Wroe and Milne, 2007; Christiansen and Wroe, 2007; Wilson et al., 2016): 1) Canis lupus
Linnaeus, 1758 (Gray wolf), 2) Didelphis marsupialis Linnaeus, 1758 (Common opossum), 3) Panthera
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leo Linnaeus, 1758, (Lion), 4) Panthera uncia Schreber, 1775 (Snow leopard), 5) Leopardus tigrinus
Schreber, 1775 (Oncilla), and 6) Ursus americanus Pallas, 1780 (Black bear)
Figure 3.1 shows the BFQ values of the animals analyzed in descending order. Samples 1, 3, 4
and 6 were donated by Burke Museum (Burke Museum, 2020) while samples 2 and 5 were donated by
Universidad EAFIT’s Collection of Macroorganisms and Microorganisms. Samples from Burke Museum
belong to specimens that have been storaged for several years, while samples donated by Universidad
EAFIT were fresh samples. All the analyzed teeth were molars. The taxonomic classification of the
evaluated specimens is shown in table 3.1 (Wilson and Reeder, 2005) and pictures of the specimens that
were chosen to analyze tooth enamel are shown in figure 3.2.




Sub-Order Feliformia Caniformia −
Family Felidae Canidae Ursidae Didelphidae
Genus Panthera Leopardus Canis Ursus Didelphis
Specimens P. leo P. uncia L. tigrinus C. lupus U. americanus D. marsupialis
Common name Lion Snow leopard Oncilla Gray wolf Black bear Common opossum
Each tooth was sectioned along the longitudinal axis using diamond abrasive cutting equipment with
continuous water coolant. Longitudinal cuts were made in order to make measurements longitudinally to
the main axis of the prisms, from the external surface of the tooth until the DEJ was reached (Fig. 3.3).
Tooth sections were mounted in cold-cured epoxy resin and the exposed enamel in the resin mount
was polished in order to reduce surface roughness and obtain better results in the measurement of the
properties of interest in this research. Polishing was performed using silicon carbide abrasive paper
from #400 – #1200 mesh and diamond particle suspensions to 0.05 µm. All samples were kept in
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Figure 3.2: Images of the specimens that were chosen to analyze tooth enamel. a) Gray
wolf, b) Common opossum, c) Lion, d) Snow leopard, e) Oncilla and f) Black bear. (The
Smithsonian Institution, n.d.)
Figure 3.3: Longitudinal section of a tooth: Enamel, dentin, and pulp are shown, as well
as the external surface and DEJ
Hank’s Balanced Salt Solution (HBSS) at 2 ◦C between and during the tests to avoid tissue dehydration.
Measurements were made between 1 and 2 weeks after sample preparation.
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3.2 Mechanical properties
Elastic modulus (E) and hardness (H) were measured by nanoindentation (Hysitron TI 980 Nanoindenter,
Bruker, Massachusetts, US). Oliver and Pharr (1992) method was used to provide elastic modulus
and hardness values. Both values were measured in three regions of the tooth (cervical, cuspal and
intercuspal) and as a function of the distance to the DEJ in order to identify variations within the dental
crown. Four measurements at six equidistant points between the DEJ and the external enamel were
performed (Fig. 3.4).
Figure 3.4: Schematic illustration of mechanical and chemical properties mapping. The
diamonds are representative of the six equidistant points between the DEJ and the external
enamel
3.3 Chemical properties
A Raman microspectrometer (inViaTM, Renishaw, Illinois, US) was used to determine the chemical
composition of mammalian enamel with scans performed over the spectral range of 400 − 1900 cm−1.
The analysis of dental enamel was done by measuring the ν1 phosphate (960 cm−1) and B-type carbonate
(1070 cm−1) peaks. For phosphate peak, peak position (PP ), area, and full-widths at half-maximum
(PW ) were obtained, while only area was obtained for B-type carbonate peak. Both areas were used to
calculate the carbonate to phosphate ratio in order to evaluate carbonate substitution (CO3). Similar to
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the procedure followed to estimate mechanical properties, a mapping was also performed from the DEJ
to the external enamel in the three regions mentioned above (Fig. 3.4).
3.4 Enamel ultrastructure
A scanning electron microscope (Sirion XL30, Phillips, Amsterdam, NL) was used to analyze enamel
ultrastructure. Prior to evaluation, each sample was etched with 35 % phosphoric acid for 20 s and
sputtered-coated with gold–palladium. Features of the ultrastructure were examined in secondary electron
emission mode.
Figure 3.5: Schematic illustration of ultrastructue properties measurement
SEM images were obtained from different regions of the enamel and the following parameters
were obtained using ImageJ® Software (National Institutes of Health, Bethesda, MD). Each of the
ultrastructural properties was measured at 9 random points in each of the 3 regions of interest (Fig.
3.5). In all measurements, SEM images magnification was taken into account, but it is important to
clarify that the degree of tooth wear was unknown, so it was assumed that the measured value is the real
value for all the analyzed specimens.
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3.4.1 Ultrastructure description
SEM images were used to make a description of the enamel ultrastructure in terms of prism shape,
prism pattern and enamel type of each of the analyzed specimens.
3.4.2 Enamel thickness
Enamel thickness (ET ) was measured as a perpendicular line from the DEJ to the outer enamel
surface (Fig. 3.6). Enamel thickness is an important morphological property since thicker enamel allows
to increase resistance to high masticatory loads (Lucas et al., 2008; Constantino et al., 2009).
Figure 3.6: Measurement of enamel thickness (ET , yellow bar) and decussated region
thickness (DT , red bar) on longitudinal section of Lion (Panthera leo) molar
3.4.3 Decussated thickness
Decussated thickness (DT ) is the thickness of the inner decussated region. It was measured by
drawing a straight line, parallel to the decussation bands, from the DEJ to the point where the prism
decussation ends, that is, to where the radial enamel begins (Fig. 3.6)
Chapter 3. Materials and methods 23
3.4.4 Decussated fraction
Decussated fraction (DF ) is defined as the fraction of enamel thickness that is composed of decussated
rods (DF = DT/ET ). Decussated fraction can vary from 0 to 1, if the decussated fraction is closer
to 0 the decussation percentage is low, while a value closer to 1 means that the decussation percentage
is high. A higher decussated fraction would be important in retarding crack extension (Yahyazadehfar,
Bajaj, and Arola, 2013).
3.4.5 Decussated band thickness
Is given by the thickness of the decussated band in micrometers (DBTµm) and was measured by a
straight line perpendicular to the main axis of the prisms, which runs from boundary to boundary of each
decussation band (Fig. 3.7).
Figure 3.7: Decussated band thickness in micrometers (DBTµm, yellow line) and the
number of prisms in the decussation band (DBp, red dots) measured on longitudinal
section of Lion (Panthera leo) molar
3.4.6 Number of prisms in decussation band
The number of prisms in a decussated band could be an important factor in tooth fracture resistance
since the wider the decussation band, the greater the path that the crack must follow to cause tooth
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fracture. Also, more energy would be required to form new cracks as well as greater stresses for crack
propagation, this would result in greater fracture resistance. The number of prisms in the decussation
band (DBp) (Fig. 3.7) was calculated in the diazones, counting the number of complete prisms that
form a line, between the bands boundaries.
3.4.7 Prism diameter
Because prism shape varies between specimens, prism diameter (D) was calculated as the diameter
of the circumscribed circumference in the prisms in the diazones (Fig. 3.8).
Figure 3.8: Prism diameter measurement on longitudinal section of Oncilla (Leopardus
tigrinus) molar
3.4.8 Prism orientation
Assuming that the prisms in diazones have an approximately circular cross-section and that the block
ABCDEFG represents a thin parallel-sided slice of the enamel that has been cut in a pre-determined
position and angle with respect to the prism (Fig. 3.9), prism orientation can be determined from the
intersection of the prism with the surfaces (ABCD and EFGH). Prism orientation (Ang = β) is
initially obtained from the projected length (lp) of the prism and the thickness of the thin section (t)
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(Fig. 3.9a). Furthermore, assuming that the prism intersects both surfaces, β can be calculated as
β = sin−1 (b/a), where 2b is the diameter of the prism and 2a is the length of the mayor axis of the
ellipse (Fig. 3.9b) (Hull and Clyne, 1996).
Figure 3.9: Determination of the prism orientation in a thin section (Adapted from Hull
and Clyne Hull and Clyne (1996))
3.5 Linear correlation
Pearson correlation coefficient (Kirch, 2008) was calculated between the properties to determine the
existence of relationships between mechanical, chemical and ultrastructural properties with BFQ.
3.6 Statistical analysis
The differences in the results obtained for the measured variables were evaluated using a one-way
ANOVA with a significance of 0.05, and when necessary, a Tukey post-hoc analysis was used to determine




Nanoindentation and Raman microspectroscopy experiments were carried out on three regions of
dental enamel, furthermore, these values were mapped from the DEJ to the outer enamel surface. In
addition, SEM images were obtained to characterize enamel ultrastructure and its variations. This chapter
presents the results of mechanical, chemical and ultrastructural properties and the comparisons of the
values between the evaluated specimens. Unless otherwise specified, all results (in figures and in text)
are presented in descending order of the BFQ value (see Fig. 3.1).
4.1 Mechanical properties
4.1.1 Elastic Modulus
Average elastic modulus (E) for the evaluated specimens is shown in table 4.1 and figure 4.1, while
elastic modulus in cervical, cuspal and intercuspal regions for the evaluated specimens is shown figure
4.2.




Gray wolf (Gw) 56.24± 6.37 2.78± 0.71
Common opossum (Co) 75.79± 4.65 3.52± 0.30
Lion (L) 76.74± 0.68 3.40± 0.72
Snow leopard (Sl) 78.11± 0.95 3.32± 0.32
Oncilla (O) 74.13± 8.97 2.70± 0.71
Black bear (Bb) 85.58± 3.45 4.61± 0.17
Chapter 4. Results 27
Figure 4.1: Average elastic modulus (E) the evaluated specimens
Figure 4.2: Elastic modulus (E) in cervical, cuspal and intercuspal regions for the
evaluated specimens
Confidence interval plots for elastic modulus when comparing between animals and between regions
is shown in figure 4.3. When elastic modulus is compared between animals (Fig. 4.3a), the confidence
interval for Gray wolf does not overlap with the confidence intervals of the other animals, which indicates
that there is a significant difference in elastic modulus for Gray wolf with respect to the other animals
(p < 0.05). On the other hand, when comparing elastic modulus between regions (Fig. 4.3b), the
three confidence intervals (cervical, cuspal and intercuspal) overlap, which indicates that there are no
significant differences in elastic modulus between regions (p = 0.6591). The statistical difference in
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elastic modulus between Gray wolf and the other animals is shown in figure 4.4, in which none of the
confidence intervals of Gray wolf contains zero (Gw-Co, p = 0.0053; Gw-L, p = 0.0036; Gw-Sl,
p = 0.0022; Gw-O, p = 0.0103; Gw-Bb, p = 0.0002).
Figure 4.3: Tukey confidence intervals for elastic modulus (E). a) comparison between
animals (average for all the regions); b) comparison between regions (average for all the
animals). Intervals with the same marker do not show a statistically significant difference
Figure 4.4: Tukey confidence intervals for elastic modulus (E) comparing the evaluated
specimens. There is statistical difference in elastic modulus between the animals that
share confidence intervals that do not contain zero (Blue asterisk)
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Elastic modulus mapping was performed measuring E as a function of the distance to the DEJ (Fig.
4.5). For all animals, a slight increase in elastic modulus is observed as the distance to the DEJ increases.
Figure 4.5: Elastic modulus mapping by animal. a) Gray wolf; b) Common opossum; c)
Lion; d) Snow leopard; e) Oncilla; f) Black bear (n.d. = normalized distance, 0 = DEJ,
1 = outer enamel surface)
4.1.2 Hardness
Average hardness (H) for the evaluated specimens is shown in table 4.1 and figure 4.6, while hardness
for all the evaluated specimens in cervical, cuspal and intercuspal regions is shown in figure 4.7. When
comparing hardness between animals (Fig. 4.8a), Black bear confidence interval does not overlap with
Gray wolf and Oncilla confidence intervals (i.e. there is a statistical difference (p = 0.0113) in hardness
between Gray wolf and Black bear and between Oncilla and Black bear), but it overlaps with Common
opossum, Lion and Snow leopard confidence intervals, this means that there is no statistical difference in
hardness between Common opossum, Lion, Snow leopard and Black bear. It is also observed that there
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are no statistical differences in hardness between Gray wolf, Common opossum, Lion, Snow Leopard and
Oncilla. Furthermore, when comparing between regions (Fig. 4.8b) there are no significant differences
in hardness as all the confidence intervals overlap (p = 0.3186). The statistical difference in hardness
between Gray wolf and Black bear and between Oncilla and Black bear is shown in figure 4.9 in which
intervals Gw-Bb and O-Bb intervals do not contain zero (p = 0.0128 and p = 0.0094 respectively).
Figure 4.6: Average hardness (H) for the evaluated specimens
Figure 4.7: Hardness (H) in cervical, cuspal and intercuspal regions for the evaluated
specimens
Hardness mapping (Fig. 4.10) shows a slight increase as the distance to the DEJ increases in all
animals except in the Oncilla (Fig. 4.10e) in which a reduction in hardness is observed.
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Figure 4.8: Tukey confidence intervals for hardness (H). a) comparison between animals
(average for all the regions); b) comparison between regions (average for all the animals).
Intervals with the same marker do not show a statistically significant difference
Figure 4.9: Tukey confidence intervals for hardness (H) comparing the evaluated
specimens. There is statistical difference in hardness between the animals that share
confidence intervals that do not contain zero (Blue asterisk)
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Figure 4.10: Hardness mapping by animal. a) Gray wolf, b) Common opossum, c) Lion,
d) Snow leopard, e) Oncilla and f) Black bear (n.d. = normalized distance, 0 = DEJ, 1 =
outer enamel surface)
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4.2 Chemical properties
4.2.1 Phosphate peak position
Average phosphate peak position (PP ) is shown in figure 4.11 and table 4.2, while figure 4.12
shows phosphate peak position in cervical, cuspal and intercuspal regions for the evaluated specimens.
Figure 4.13 shows the confidence interval plot for phosphate peak position when comparing between
animals and between regions. When phosphate peak position is compared between animals (Fig. 4.13a),
there is no statistical difference between Gray wolf, Common opossum, Lion and Black bear, neither
between Common opossum, Snow leopard and Black bear nor between Snow leopard and Oncilla.
When comparing phosphate peak position between regions (Fig. 4.13b), there is no statistical difference
because the three confidence intervals (cervical, cuspal and intercuspal) overlap (p = 0.9593). The
statistical differences in phosphate peak position are shown in figure 4.14 in which intervals Gw-Sl
(p = 0.0002), Gw-O (p = 0.0128), Co-Sl (p = 0.0132), L-Sl (p = 0.0004), L-O (p = 0.0257) and
Sl-Bb (p = 0.0008) do not contain zero.
Table 4.2: Average phosphate peak position, phosphate peak width and carbonate
substitution for the evaluated specimens
Animal
Peak position Peak width Carbonate
(cm−1) (cm−1) substitution
Gray wolf 960.45± 0.14 13.19± 0.07 0.11± 0.01
Common opossum 960.69± 0.14 13.36± 0.20 0.08± 0.00
Lion 960.49± 0.10 12.96± 0.04 0.11± 0.00
Snow leopard 961.08± 0.00 13.03± 0.02 0.11± 0.00
Oncilla 960.84± 0.08 13.22± 0.08 0.10± 0.01
Black bear 960.53± 0.15 12.59± 0.17 0.10± 0.01
Mapping for phosphate peak position is shown in figure 4.15, there is a reduction in phosphate peak
position as the distance to the DEJ increases for all the animals.
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Figure 4.11: Average phosphate peak position (PP ) for the evaluated specimens
Figure 4.12: Phosphate peak position (PP ) in cervical, cuspal and intercuspal regions
for the evaluated specimens
4.2.2 Phosphate peak width
Average phosphate peak width (PW ) is shown in figure 4.16 and table 4.2, while phosphate peak
width in cervical, cuspal and intercuspal for all the evaluated specimens is shown in figure 4.17. Phosphate
peak width was compared between animals (Fig. 4.18a) and between regions (Fig. 4.18b). When
compared between animals, there is no statistical difference in phosphate peak width between Gray wolf,
Common opossum, Lion and Black bear, neither between Common opossum, Oncilla and Black bear
nor between Snow leopard and Oncilla. By the other hand, when comparing phosphate peak width
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Figure 4.13: Tukey confidence intervals for phosphate peak position (PP ). a)
comparison between animals (average for all the regions); b) comparison between regions
(average for all the animals). Intervals with the same marker do not show a statistically
significant difference
Figure 4.14: Tukey confidence intervals for phosphate peak position (PP ) comparing the
evaluated specimens. There is statistical difference in phosphate peak position between
the animals that share confidence intervals that do not contain zero (Blue asterisk)
between regions, there is no statistical difference because the three confidence intervals (cervical, cuspal
and intercuspal) overlap (p = 0.8092). The statistical differences in phosphate peak width are shown in
figure 4.19 in which intervals Gw-Bb (p = 0.0004), Co-L (p = 0.0117), Co-Sl (p = 0.0430), Co-Bb
(p = 0.0000), L-Bb (p = 0.0202), Sl-Bb (p = 0.0056) and O-Bb (p = 0.0003) do not contain zero.
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Figure 4.15: Phosphate peak position mapping by animal. a) Gray wolf, b) Common
opossum, c) Lion, d) Snow leopard, e) Oncilla and f) Black bear (n.d. = normalized
distance, 0 = DEJ, 1 = outer enamel surface)
Figure 4.16: Average phosphate peak width (PW ) for the evaluated specimens
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Figure 4.17: Phosphate peak width (PW ) in cervical, cuspal and intercuspal regions for
the evaluated specimens
Figure 4.18: Tukey confidence intervals for phosphate peak width (PW ). a) comparison
between animals (average for all the regions); b) comparison between regions (average
for all the animals). Intervals with the same marker do not show a statistically significant
difference
Phosphate peak width was also measured from the DEJ to the external enamel surface (Fig. 4.20).
In all animals there is an increase in phosphate peak width as the distance to the DEJ increases. This
increase is less evident in Black bear with respect to the other animals.
4.2.3 Carbonate substitution
Avereage carbonate substitution (CO3) is shown in figure 4.21 and table 4.2, while figure 4.22
shows carbonate substitution in cervical, cuspal and intercuspal for all the evaluated specimens. Tukey
confidence interval plot for carbonate substitution when comparing between animals and between regions
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Figure 4.19: Tukey confidence intervals for phosphate peak width (PW ) comparing the
evaluated specimens. There is statistical difference in phosphate peak width between the
animals that share confidence intervals that do not contain zero (Blue asterisk)
is shown in figure 4.23. When carbonate substitution is compared between animals (Fig. 4.23a), there
is a difference between Common opossum and the other animals except Black bear (p = 0.0003).
Also, as carbonate substitution confidence intervals between regions overlap (Fig. 4.23b), there is no
statistical difference between cervical, cuspal and intercuspal regions (p = 0.6503). The statistical
differences in carbonate substitution are shown in figure 4.24 in which intervals Gw-Co (p = 0.0007),
Co-L (p = 0.0011), Co-Sl (p = 0.0005), and Co-O (p = 0.0092) do not contain zero.
Carbonate substitution was also measured from the DEJ to the external enamel surface (Fig. 4.25).
In all animals there is an increase in carbonate substitution as the distance to the DEJ increases.
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Figure 4.20: Phosphate peak width mapping by animal. a) Gray wolf, b) Common
opossum, c) Lion, d) Snow leopard, e) Oncilla and f) Black bear (n.d. = normalized
distance, 0 = DEJ, 1 = outer enamel surface)
Figure 4.21: Average carbonate substitution (CO3) for the evaluated specimens
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Figure 4.22: Carbonate substitution (CO3) in cervical, cuspal and intercuspal regions for
the evaluated specimens
Figure 4.23: Tukey confidence intervals for carbonate substitution (CO3). a) comparison
between animals (average for all the regions); b) comparison between regions (average
for all the animals). Intervals with the same marker do not show a statistically significant
difference
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Figure 4.24: Tukey confidence intervals for carbonate substitution (CO3) comparing the
evaluated specimens. There is statistical difference in carbonate substitution between the
animals that share confidence intervals that do not contain zero (Blue asterisk)
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Figure 4.25: Carbonate substitution mapping by animal. a) Gray wolf, b) Common
opossum, c) Lion, d) Snow leopard, e) Oncilla and f) Black bear (n.d. = normalized
distance, 0 = DEJ, 1 = outer enamel surface)
Chapter 4. Results 43
4.3 Enamel ultrastructure
4.3.1 Ultrastructure description
Table 4.3 shows a summary of the main characteristics of the enamel in each of the analyzed
specimens in terms of the prism shape, prism pattern and enamel type present in each of the three
analyzed regions. The same ultrastructural features are seen in the three regions (cervical, cuspal and
intercuspal) of all the analyzed specimens.
Prism shape and pattern (Fig. 4.26) vary between the analyzed specimens, in Gray wolf and Black
bear the prism is key-hole shaped (pattern II) while in the other specimens it is closed (pattern I). In the
common opossum and Oncilla it is circular shaped, in the Lion the prism has an irregular shape and in
the Snow leopard it is hexagonal.
Figure 4.26: Enamel prism patterns in the evaluated specimens. a) Gray wolf, b)
Common opossum, c) Lion, d) Snow leopard, e) Oncilla and f) Black bear. Gray wolf
and Black bear have key-hole shaped prisms (pattern II) while the other specimens have
closed prisms (pattern I). In the upper right corner of each image there is a diagram of the
pattern of prisms, according to Maas and Dumont (1999), for each analyzed specimen
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Cervical Key-hole II I: Decussated, O: Radial
Cuspal Key-hole II I: Decussated, O: Radial
Intercuspal Key-hole II I: Decussated, O: Radial
Common opossum
Cervical Closed - Circular I I: Decussated, O: Radial
Cuspal Closed - Circular I I: Decussated, O: Radial
Intercuspal Closed - Circular I I: Decussated, O: Radial
Lion
Cervical Closed - Irregular I I: Decussated, O: Radial
Cuspal Closed - Irregular I I: Decussated, O: Radial
Intercuspal Closed - Irregular I I: Decussated, O: Radial
Snow leopard
Cervical Closed - Hexagonal I I: Decussated, O: Radial
Cuspal Closed - Hexagonal I I: Decussated, O: Radial
Intercuspal Closed - Hexagonal I I: Decussated, O: Radial
Oncilla
Cervical Closed - Circular I I: Decussated, O: Radial
Cuspal Closed - Circular I I: Decussated, O: Radial
Intercuspal Closed - Circular I I: Decussated, O: Radial
Black bear
Cervical Key-hole II I: Decussated, O: Radial
Cuspal Key-hole II I: Decussated, O: Radial
Intercuspal Key-hole II I: Decussated, O: Radial
Finally, in all the specimens, inner enamel is decussated while outer enamel is radial, figure 4.27
shows enamel pattern for Oncilla and Black bear.
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Figure 4.27: Enamel types for Oncilla (a) and Black bear (b). Enamel type on the Oncilla
(a) and the Black Bear (b). In both samples, the enamel of the Oncilla (cuspal region) and
of the black bear (cervical region), the internal enamel is decussated while the external
enamel is radial
4.3.2 Enamel thickness
Average enamel thickness (ET ) for the evaluated specimens is shown in table 4.4 and in figure
4.28, while figure 4.29 shows enamel thickness in cervical, cuspal and intercuspal for all the evaluated
specimens.




thickness (µm) thickness (µm) fraction
Gray wolf 531.77± 46.99 439.48± 36.89 0.83± 0.02
Common opossum 193.14± 59.47 156.80± 54.17 0.80± 0.03
Lion 701.36± 116.02 597.85± 109.51 0.85± 0.02
Snow leopard 269.44± 86.36 222.83± 59.52 0.84± 0.07
Oncilla 318.87± 132.78 288.22± 113.86 0.91± 0.02
Black bear 457.37± 27.29 384.55± 20.94 0.84± 0.01
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Figure 4.28: Average enamel thickness (ET ) for the evaluated specimens
Figure 4.29: Enamel thickness (ET ) in cervical, cuspal and intercuspal regions for the
evaluated specimens
Enamel thickness was compared between animals and regions, this comparison (Fig. 4.30a) shows
that there are no statistically significant differences between Gray wolf and Lion, between Gray wolf,
Oncilla and Black bear, neither between Snow leopard, Oncilla and Black bear nor between Common
opossum, Snow leopard and Oncilla. As in the previous properties, there are no differences in enamel
thickness between the cervical, cuspal and intercuspal regions (Fig. 4.30b) as their confidence intervals
overlap (p = 0.8623). The statistical differences in enamel thickness between specimens are shown in
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figure 4.31, in which intervals Gw-Co (p = 0.0046), Gw-Sl (p = 0.0278), Co-L (p = 0.0001), Co-Bb
(p = 0.0265), L-Sl (p = 0.0006), L-O (p = 0.0017) and L-Bb (p = 0.0430) do not contain zero.
Figure 4.30: Tukey confidence intervals for enamel thickness (ET ). a) comparison
between animals (average for all the regions); b) comparison between regions (average
for all the animals). Intervals with the same marker do not show a statistically significant
difference
Figure 4.31: Tukey confidence intervals for enamel thickness (ET ) comparing the
evaluated specimens. There is statistical difference in enamel thickness between the
animals that share confidence intervals that do not contain zero (Blue asterisk)
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4.3.3 Decussated thickness
Average decussated thickness (DT ) is shown in figure 4.32 and table 4.4, while decussated thickness
in cervical, cuspal and intercuspal for all the evaluated specimens is shown in figure 4.33.
Figure 4.32: Average decussated thickness (DT ) for the evaluated specimens
Figure 4.33: Decussated thickness (DT ) in cervical, cuspal and intercuspal regions for
the evaluated specimens
Tukey confidence interval plot for animals (Fig. 4.34a) and regions (Fig. 4.34b) shows that, when
comparing animals, there are not statistical differences in decussated thickness between Gray wolf and
Lion, between Gray wolf, Oncilla and Black bear; Common opossum, Snow leopard and Oncilla nor
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between Snow leopard, Oncilla and Black bear. Furthermore, there are no differences between the
evaluated regions (p = 0.8166). The statistical differences in decussated thickness are shown in figure
4.35, in which intervals Gw-Co (p = 0.0057), Gw-Sl (p = 0.0354), Co-L (p = 0.0001), Co-Bb
(p = 0.0260), L-Sl (p = 0.0005), L-O (p = 0.0028) and L-Bb (p = 0.0388) do not contain zero.
Figure 4.34: Tukey confidence intervals for decussated thickness (DT ). a) comparison
between animals (average for all the regions); b) comparison between regions (average
for all the animals). Intervals with the same marker do not show a statistically significant
difference
Figure 4.35: Tukey confidence intervals for decussated thickness (DT ) comparing the
evaluated specimens. There is statistical difference in decussated thickness between the
animals that share confidence intervals that do not contain zero (Blue asterisk)
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4.3.4 Decussated fraction
Average decussated fraction (DF ) is shown in table 4.4 and in figure 4.36 while figure 4.37 shows
decussated fraction in cervical, cuspal and intercuspal for all the evaluated specimens. Comparison
between animals (Fig. 4.38a) and regions (Fig. 4.38b) shows that there is a statistical difference
in decussated fraction between Common opossum and Oncilla, but not between the other analyzed
specimens, and that there is no significant difference between the evaluated regions (p = 0.7257).
The statistical differences in decussated fraction are shown in figure 4.39, in which the interval Co-O
(p = 0.0029) does not contain zero.
Figure 4.36: Average decussated fraction (DF ) for the evaluated specimens
4.3.5 Decussated band thickness
Average decussated band thickness (DBTµm) is shown in table 4.5 and figure 4.40, while decussated
band thickness in cervical, cuspal and intercuspal for all the evaluated specimens is shown in figure
4.41. Comparison between animals (Fig. 4.42a) and regions (Fig. 4.42b) shows that decussated band
thickness in Common opossum is statistically different from decussated band thickness in the other
animals but not from the thickness of the decussated band of the Oncilla (p = 0.0013) and that there is
no significant difference in decussated band thickness between the evaluated regions (p = 0.5026).
Statistical differences in decussated band thickness are shown in figure 4.43, in which the intervals
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Figure 4.37: Decussated fraction (DF ) in cervical, cuspal and intercuspal regions for the
evaluated specimens
Figure 4.38: Tukey confidence intervals for decussated fraction (DF ). a) comparison
between animals (average for all the regions); b) comparison between regions (average
for all the animals). Intervals with the same marker do not show a statistically significant
difference
Gw-Co (p = 0.0242), Co-L (p = 0.0135), Co-Sl (p = 0.0020), and Co-Bb (p = 0.0015) not contain
zero.
4.3.6 Number of prisms in decussation band
Average number of prisms in decussated band (DBp) is shown in figure 4.44 and table 4.5, while the
number of prisms in decussated band in cervical, cuspal and intercuspal for all the evaluated specimens
is shown in figure 4.45. Comparison between animals (Fig. 4.46a) and regions (Fig. 4.46b) shows that
there are not statistical differences in the number of prisms in decussation band between Gray wolf,
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Figure 4.39: Tukey confidence intervals for decussated fraction (DF ) comparing the
evaluated specimens. There is statistical difference in decussated fraction between the
animals that share confidence intervals that do not contain zero (Blue asterisk)
Table 4.5: Average decussated band thickness, number of prisms in decussated band,
prism diameter and prism orientation for the evaluated specimens
Animal
Decussated band Number of prisms Prism Prism
thickness (µm) in decussated band diameter (µm) orientation (Deg)
Gray wolf 54.38± 11.95 9.70± 1.37 5.17± 0.85 46.78± 5.90
Common opossum 14.71± 7.06 3.70± 2.28 3.39± 0.46 47.71± 15.13
Lion 57.62± 13.66 8.37± 0.17 6.15± 0.95 54.47± 9.04
Snow leopard 68.41± 7.07 10.30± 0.57 5.65± 0.34 58.29± 1.01
Oncilla 43.10± 12.70 7.78± 0.95 6.64± 0.53 62.17± 5.91
Black bear 70.36± 9.71 12.78± 2.78 5.20± 0.48 40.04± 0.21
Lion, Snow leopard and Black bear; between Gray wolf, Lion, Snow leopard and Oncilla, and between
Common opossum and Oncilla and as in the previous properties, there is no significant difference in
the number of prisms in decussation band between the evaluated regions (p = 0.7269). The statistical
differences in the number of prisms in decussation band are shown in figure 4.47, in which the intervals
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Figure 4.40: Average decussated band thickness (DBTµm) for the evaluated specimens
Figure 4.41: Decussated band thickness (DBTµm) in cervical, cuspal and intercuspal
regions for the evaluated specimens
Gw-Co (p = 0.0075), Co-L (p = 0.0402), Co-Sl (p = 0.0036), Co-Bb (p = 0.0002), and O-Bb
(p = 0.0264) do not contain zero.
4.3.7 Prism diameter
Average prism diameter (D) is shown in figure 4.48 and table 4.5, while prism diameter in cervical,
cuspal and intercuspal for all the evaluated specimens is shown in figure 4.49. Comparison between
animals (Fig. 4.50a) and regions (Fig. 4.50b) shows that only Common opossum shows statistical
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Figure 4.42: Tukey confidence intervals for decussated band thickness (DBTµm). a)
comparison between animals (average for all the regions); b) comparison between regions
(average for all the animals). Intervals with the same marker do not show a statistically
significant difference
Figure 4.43: Tukey confidence intervals for decussated band thickness (DBTµm)
comparing the evaluated specimens. There is statistical difference in decussated band
thickness between the animals that share confidence intervals that do not contain zero
(Blue asterisk)
difference in prism diameter with the other animals (p = 0.0009). Also, as prism diameter confidence
intervals between regions overlap, there is not statistical difference in prism diameter between regions
(p = 0.9597). The statistical differences in prism diameter are shown in figure 4.51, in which the
intervals Gw-Co (p = 0.0475), Co-L (p = 0.0022), Co-Sl (p = 0.0101), Co-O (p = 0.0005) and Co-Bb
(p = 0.0440) do not contain zero.
Chapter 4. Results 55
Figure 4.44: Average number of prisms in decussated band (DBp) for the evaluated
specimens
Figure 4.45: Number of prisms in decussated band (DBp) in cervical, cuspal and
intercuspal regions for the evaluated specimens
4.3.8 Prism orientation
Average prism orientation (Ang) is shown in figure 4.52 and table 4.5, while prism orientation
diameter in cervical, cuspal and intercuspal for all the evaluated specimens is shown in figure 4.53. When
comparing between animals (Fig. 4.54a) there is only statistical difference in prism orientation between
Oncilla and Black bear. Also, comparison between regions (Fig. 4.54b) shows that there is no statistical
difference in prism orientation between regions as the confidence intervals overlap (p = 0.7787). The
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Figure 4.46: Tukey confidence intervals for number of prisms in decussated band (DBp).
a) comparison between animals (average for all the regions); b) comparison between
regions (average for all the animals). Intervals with the same marker do not show a
statistically significant difference
Figure 4.47: Tukey confidence intervals for the number of prisms in decussation band
comparing the evaluated specimens. There is statistical difference in the number of
prisms in decussation band between the animals that share confidence intervals that do
not contain zero (Blue asterisk)
statistical difference in prism orientation is shown in figure 4.55, in which the interval O-Bb (p = 0.0467)
does not contain zero .
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Figure 4.48: Average prism diameter (D) for the evaluated specimens
Figure 4.49: Prism diameter (D) in cervical, cuspal and intercuspal regions for the
evaluated specimens
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Figure 4.50: Tukey confidence intervals for prism diameter (D). a) comparison between
animals (average for all the regions); b) comparison between regions (average for all the
animals). Intervals with the same marker do not show a statistically significant difference
Figure 4.51: Tukey confidence intervals for prism diameter (D) comparing the evaluated
specimens. There is statistical difference in prism diameter between the animals that share
confidence intervals that do not contain zero (Blue asterisk)
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Figure 4.52: Average prism orientation (Ang) for the evaluated specimens
Figure 4.53: Prism orientation (Ang) in cervical, cuspal and intercuspal regions for the
evaluated specimens
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Figure 4.54: Tukey confidence intervals for prism orientation (Ang). a) comparison
between animals (average for all the regions); b) comparison between regions (average
for all the animals). Intervals with the same marker do not show a statistically significant
difference
Figure 4.55: Tukey confidence intervals for prism orientation (Ang) comparing the
evaluated specimens. There is statistical difference in prism orientation between the
animals that share confidence intervals that do not contain zero (Blue asterisk)
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4.4 Linear correlation
Pearson correlation coefficient (ρ) between BFQ and all the analyzed properties is shown in figure
4.56. Size and color intensity of the circle shown in the upper diagonal matrix are indicators of the
correlation between the properties shown, however, for ease of interpretation, the correlation coefficient
is shown in the lower diagonal matrix.
Figure 4.56: Pearson correlation coefficient between BFQ and all the evaluated
properties. Values in blue show a positive correlation while values in red show a negative
correlation
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Among the possible 92 paired combinations of the analyzed properties, only 21 of them show a
significant correlation (p < 0.05), Pearson correlation coefficient (ρ) and p-value for those combinations
are shown in table 4.6.
Table 4.6: Significant pairwise Pearson correlation for the analyzed properties
Sample 1 Sample 2 ρ p-value Sample 1 Sample 2 ρ p-value
BFQ E −0.75 0.0004 CO3 ET 0.51 0.0309
BFQ H −0.50 0.0361 CO3 DT 0.51 0.0297
BFQ PW 0.59 0.0101 CO3 DBTµm 0.63 0.0048
E H 0.74 0.0004 CO3 D 0.59 0.0093
H PW −0.56 0.0151 ET DT 0.99 0.0000
H Ang −0.60 0.0087 ET DBTµm 0.51 0.0291
PP ET −0.64 0.0041 DT DBTµm 0.52 0.0269
PP DT −0.63 0.0051 DF D 0.58 0.0117
PP Ang 0.55 0.0179 DBp DBTµm 0.87 0.0000
PW DBp −0.72 0.0007 D Ang 0.48 0.0448
PW DBTµm −0.66 0.0026
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5 Discussion
In this chapter the analysis of the previously shown results is performed. Initially, an analysis of
the mechanical and chemical properties evaluated is carried out, later the correlation between BFQ
and these properties is analyzed, and finally the relationship between these variables and the taxonomic
classification or feeding patterns of the evaluated specimens is analyzed.
The measured properties are compared between the analyzed specimens, grouped either by their
feeding pattern (carnivores and omnivores) or by their taxonomic classification (Table 3.1). When
comparing specimens by their taxonomic classification, only those belonging to the order Carnivora are
compared: Lion, Snow leopard and Oncilla (sub-order Feliformia); Gray wolf and Black bear (sub-order
Caniformia). Since the Common opossum belongs to the order Didelphimorphia, it was not compared
with the other specimens studied in this research, in terms of its taxonomic classification.
5.1 General findings
5.1.1 Property mapping
When analyzing the mapping performed on the mechanical and chemical properties, it was observed
that, in general, as the distance to the DEJ increases, there is an increase in elastic modulus (Fig. 4.5)
and hardness (Fig. 4.10), a reduction in phosphate peak position (Fig. 4.15) but an increase in phosphate
peak width (Fig. 4.20) and in carbonate substitution (Fig. 4.25). When these results are compared with
those obtained in human (Park et al., 2008; Constantino et al., 2011; Xu et al., 2012) non-human primate
enamel (Darnell et al., 2009; Campbell et al., 2012; Constantino et al., 2012), as well as other terrestrial
(O’Brien et al., 2014; Wang et al., 2019) and aquatic mammals (Constantino et al., 2011), the same
changes in mechanical and chemical properties are observed with increasing distance to the DEJ. These
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changes in enamel properties may be due to the way in which the prisms are organized, that is, to the
variation in enamel ultrastructure from the DEJ to the outter enamel.
5.1.2 Linear correlations
As the relationship between enamel mechanical and chemical properties has been reported (Baldassarri,
Margolis, and Beniash, 2008; Xu et al., 2012; Akkus, Karasik, and Roperto, 2017; Mansoor et al., 2019),
the correlation between BFQ and these properties was analyzed. Table 4.6 and the correlation matrix
(Fig. 5.1) show that:
Figure 5.1: Pearson correlation coefficient between BFQ, mechanical and chemical
properties. Positive correlations are shown in blue and negative ones in red. There is
a significant correlation between: BFQ and elastic modulus; BFQ and hardness; elastic
modulus and hardness; BFQ and phosphate peak width, and hardness and phosphate
peak width (p < 0.05)
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• There is a negative correlation between BFQ and elastic modulus (ρ = −0.75, p = 0.0004) and
between BFQ and hardness (ρ = −0.50, p = 0.0361). Both elastic modulus and hardness are
lower in Gray wolf (animal with higherBFQ) and higher in Black bear (animal with lowerBFQ).
To the best of my knowledge, no study has yet been conducted that correlates BFQ with enamel
mechanical and chemical properties.
• There is a positive correlation between elastic modulus and hardness (ρ = 0.74, p = 0.0004), this
correlation has been previously reported for human enamel (Cuy et al., 2002; Park et al., 2008;
Zhang et al., 2014; Mansoor et al., 2019).
• There is a positive correlation between BFQ and phosphate peak width (PW ) (ρ = 0.59, p =
0.0101) and a negative correlation between hardness and phosphate peak width (ρ = −0.56,
p = 0.0151). As for the mechanical properties, it is not known that a correlation between BFQ
and enamel chemical properties has been reported. Correlation between enamel mechanical an
chemical properties has been previously reported for humans (Cuy et al., 2002; Xu et al., 2012).
Correlation between the ultrastructural properties and BFQ was also analyzed. Table 4.6 and figure
5.2 show that there is no significant correlation between BFQ and any of the ultrastructural properties.
However, a correlation was found between some of the ultrastructural properties, such as:
• Positive correlation (ρ = 0.99, p = 0.0000) between enamel thickness (ET ) and decussated
thickness (DT ), this implies that in all the analyzed specimens, changes in enamel thickness are
almost fully reflected in changes in decussated thickness.
• Positive correlation between enamel thickness and decussated band thickness (DBTµm), and
between decussated thickness and decussated band thickness (ρ = 0.51, p = 0.0291, and ρ =
0.52, p = 0.0269 respectively). Taking into account that the decussated region is responsible for
preventing crack growth (the longer the winding path that the cracks must travel, the more energy
is required), it could be concluded that crack growth prevention occurs not only from the outer to
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Figure 5.2: Pearson correlation coefficient between BFQ and ultrastructural properties.
Positive correlations ares shown in blue and negative ones in red. There is no significant
correlation between BFQ any ultrastructural properties
the inner enamel but also occurs in a direction parallel to the DEJ, increasing the path a crack must
follow to cause enamel fracture.
• Positive correlation (ρ = 0.58, p = 0.0117) between decussated fraction (DF ) and prism diameter
(D). Decussated fraction is defined as the ratio between decussated thickness and enamel thickness.
Although the correlation between decussated thickness and prism diameter is not significant (p >
0.05), it can be assumed that part of the variation in decussated thickness can be explained from the
variation in the prism diameter. That is, the thickness of the decussation region does not depend
solely on the number of prisms in this region (property that was not measured) but also the diameter
of the prisms.
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• Positive correlation (ρ = 0.87, p = 0.0000) between decussated band thickness and the number
of prisms in the decussated band. Decussated band thickness depends on the number of prisms
in the band and their diameter. This high correlation can be explained by taking into account
the way in which decussated band thickness was measured (Fig. 3.7) and the non-significant
correlation between prism diameter and decussated band thickness (p > 0.05). That is, changes
in decussated band thickness are largely due to changes in the number of prisms in the band
(which explains this correlation) and the other part to changes in prism diameter (non significant
correlation). Decussated band thickness is traditionally measured in the number of prisms per
band. In most mammals that have HSBs, the thickness of these bands is about six to fifteen prisms,
but larger mammals tend to have thicker HSBs (Kawai, 1955; von Koenigswald, Holbrook, and
Rose, 2011; Mao, Wang, and Meng, 2015; Yilmaz, Koldehoff, and Schneider, 2018).
• Finally, there is only one significant correlation between mechanical and ultrastructural properties:
hardness (H) and prism orientation (Ang) are negatively correlated (ρ = −0.60, p = 0.0087).
However, the analysis of this correlation must be carried out with special care, since, due to the
way in which the Ang were measured (always on the prisms over the diazones), this property can
not be easily compared with the mechanical or chemical properties, which were made in prisms
located in both diazones and parazones
Although mammalian enamel ultrastructure has been extensively studied, the investigations found in
the literature are mainly descriptive, do not show ultrastructural properties measurements (von Koenigswald
and Goin, 2000; Stefen, 2001; Wiszniowska et al., 2010; von Koenigswald, Holbrook, and Rose, 2011;
von Koenigswald and Reumer, 2020) or do not compare these measurements between different species
(Na Ayudhya and Wannaprasert, 2020), neither relate mechanical, chemical and ultrastructure enamel
properties with mammalian bite force.
Even though there are 21 combinations of statistically significant correlations, only in five of those
combinations the coefficient of determination (R2 = ρ2) is greater than 0.50 (Table 5.1), that is, in these
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correlations more than 50% of the proportion of the variation in one property can be explained from the
variation of the other, which implies a high dependence of the value of one property on the other.
Table 5.1: Significant correlations with coefficient of determination (R2) greater than 0.5
Sample 1 Sample 2 ρ p-value R2
BFQ E −0.75 0.0004 0.56
E H 0.74 0.0004 0.55
PW DBp −0.72 0.0007 0.53
ET DT 0.99 0.0000 0.99
DBp DBTµm 0.87 0.0000 0.76
Taking into account the correlations shown in table 5.1, the analysis of the results of this research
were carried out on the following properties: elastic modulus, hardness, phosphate peak width, enamel
thickness, decussated thickness, decussated band thickness and number of prisms in the decussated band.
However, the correlations will not be the starting point of the analysis, as some correlations do not have
a reasonable theoretical or practical explanation (such as the correlation between the phosphate peak
width and the number of prisms in the decussated band). Correlation is an important criterion for the
selection of variables (among all existing ones), but it is not decisive. These properties will be analyzed
in terms of their importance in enamel mechanical behavior (i.e. elastic modulus and hardness), of
the relationships previously established with others properties (Phosphate peak width has already been
reported as a variable that influences enamel mechanical properties) and of their apparent importance
in the behavior of enamel in response to mechanical loads produced during chewing (enamel thickness,
decussated thickness, decussated band thickness and number of prisms in the decussated band).
5.2 Relationship between enamel ultrastructure characteristics, taxonomic
classification and feeding patterns
When the specimens are analyzed based on their taxonomic classification, only five of the six analyzed
specimens (those belonging to the order Carnivora) can be compared, these specimens are classified
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into two sub-orders: Feliformia (Lion, Snow leopard and Oncilla) and Caniformia (Gray wolf and
Black bear) (Wilson and Reeder, 2005). On the other hand, taking into account their feeding patterns,
the analyzed specimens are grouped as carnivores (Gray wolf, Lion, Snow leopard and Oncilla) and
omnivores (Common opossum and Black bear) (Christiansen and Adolfssen, 2005; Hillson, 2005; Brito
et al., 2018b; Brito et al., 2018a; Berkovitz and Shellis, 2018d; Berkovitz and Shellis, 2018a; Ferretti
et al., 2020).
Carnivore are those that feed on meat and omnivores are those that feed on plants and meat (Bellani,
2020). Gray wolf, Lion, Snow leopard and Oncilla are carnivores and belong to a group described
as “hypercarnivores” because their diet is almost exclusively based on meat (more than 70%), more
specifically, Gray wolf, Lion and Snow leopard are “large-prey hypercarnivores”, that is, they often prey
on animals larger than themselves (Berkovitz and Shellis, 2018a), while the Oncilla is a “small-prey
hypercarnivore”, that is, Oncilla eats animals smaller than itself (Wang, 2002). Common opossum and
Black bear are omnivores (Tardieu, Adogwa, and Garcia, 2017; Popp et al., 2018), Common opossum has
a omnivorous diet with a preference for animal matter, but they also feed on fruit (Tardieu, Adogwa, and
Garcia, 2017; Berkovitz and Shellis, 2018d), while Black bear center his diet on vegetation, however,
salmon is an important seasonal prey in its diet (Larivière, 2001). In general, omnivorous mammals
consume soft foods, however, when their preferred foods are scarce, they can fall back onto hard foods
such as nuts and seeds (Lawn et al., 2013), therefore enamel in omnivores must be able to resist fracture
in contact with these different types of food.
When jointly analyzing the feeding patterns and the taxonomic classification, it is found that for
animals of the order Carnivora, it has been reported that there is a reduction in BFQ with feeding
pattern and prey size, since the larger the prey, the greater the force that is needed to penetrate a bigger
tissue (Meers, 2002; Christiansen and Wroe, 2007). The median bite force quotient in different dietary
groups is 131 (large prey carnivores), 120 (medium prey carnivores), 92 (small prey carnivores) and 89
(omnivores) (Berkovitz and Shellis, 2018a).
Description of enamel ultrastructure main characteristics (Table 4.3) in terms of taxonomical classification
shows that both specimens belonging to the Caniformia sub-order have key-hole shaped prisms (pattern
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II) and that prisms are closed (pattern I) in the specimens of the Feliformia sub-order (Lion, Snow leopard
and Oncilla). This could imply that the taxonomic classification may influence the shape and pattern of
the prisms present in mammalian enamel.
Taking into account the feeding patterns there does not seem to be a relationship. In the two omnivore
specimens, prism shape and prism pattern are different: closed-circular (pattern I) in Common opossum
and key-hole (pattern II) in Black bear. The same happens in the carnivore specimens: key-hole (pattern
II) in Gray wolf, closed (irregular, hexagonal and circular, pattern I) in Lion, Snow Leopard and Oncilla
respectively. Furthermore, it should be noted that the enamel types (decussated or radial) are the same
for all specimens.
The great ultrastructural complexity of dental enamel is the result of an evolutionary process (von
Koenigswald, 1997). Enamel ultrastructure may be a factor that allows mammals to be grouped either
by their feeding pattern (Peres Line and Duarte Novaes, 2005) or by their taxonomic classification (von
Koenigswald, Martin, and Pfretzschner, 1993). Prism type (define by shape and pattern) can characterize
some orders, the enamel type can typify taxa at about the family rank and finally, the Schmelzmuster can
characterize a genus.
In terms of ultrastructure, the Schmelzmuster is defined as a specific combination of enamel types and
is related to the functionality of the tooth (von Koenigswald, 1997). Different enamel types (decussated
or radial), which are defined according to the orientation of the prisms, also have different functional
meanings, therefore the taxonomic value of enamel structures is largely limited to the Schmelzmuster
level (von Koenigswald and Pfretzschner, 1991).
5.3 Relationship between enamel properties, taxonomic classification and
feeding patterns
5.3.1 Elastic modulus
The inverse correlation between BFQ and elastic modulus (ρ = −0.75, Fig. 5.3 and table 4.6) may
imply that the diet of specimens with higher BFQ include large preys or hard foods. When animals feed
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on hard food or on large preys, elastic modulus must be small to withstand the stress generated, in order
to prevent enamel fracture and loss of tooth functionality.
Figure 5.3: Bite force quotient (BFQ) and elastic modulus (E) for the analyzed
specimens. The negative correlation (ρ = −0.75, p = 0.0004) between BFQ and elastic
modulus is observed
Figure 5.3 shows simultaneously the changes in BFQ and elastic modulus. Gray wolf, Lion and
Snow leopard are large-prey hypercarnivores and Common opossum is omnivore (feeds on meat, fruits
and hard seeds). As elastic modulus increases, BFQ decreases, which coincides with what would be
expected in the Oncilla, which although it is carnivore, specializes in small prey. However, the higher
elastic modulus in the Black bear goes against what would be expected of the dental enamel of an animal
that can include hard foods in its diet since a high elastic modulus would cause the enamel to become
more brittle on contact with these foods. Elastic modulus does not seem to be related either with feeding
patterns or with taxonomic classification. Elastic modulus is significantly different only in Gray wolf
compared with the other analyzed specimens (Fig. 4.3), but it is not significantly different between
other carnivore specimens (Lion, Snow Leopard and Oncilla) and in the other specimen belonging to the
sub-order Caniformia (Black bear).
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5.3.2 Hardness
There is a significant positive correlation between hardness and elastic modulus (Fig. 5.4 and table
5.1). The correlation between hardness and elastic modulus in anisotropic materials that show gradual
changes in their mechanical properties (as enamel) has been previously reported (Labonte, Lenz, and
Oyen, 2017).
Figure 5.4: Elastic modulus (E) and hardness (H) the analyzed specimens. There is a
positive correlation between elastic modulus and hardness (ρ = 0.74, p = 0.0004)
Figure 5.4 shows that there is a significant difference in hardness between Gray wolf and Black
bear (both specimens belong to the sub-order Caniformia) and between Oncilla and Black bear (the
former belongs to the sub-order Feliformia and the latter belongs to the sub-order Caniformia). There
is also no significant difference in hardness between the two omnivore animals (Common opossum and
Black bear), neither between these and two of the carnivore specimens (Lion and Snow leopard), nor
between the Common opossum and the Oncilla (omnivore and small-prey hypercarnivore respectively).
Therefore, it cannot be said that feeding pattern or taxonomic classification affects enamel hardness.
5.3.3 Phosphate peak width
The correlation between phosphate peak width and enamel hardness has been previously reported (Xu
et al., 2012). However, the results of this research show that although there is a significant correlation
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(p < 0.05), less than 50% of the change in hardness is produced by a change in phosphate peak width
(R2 < 0.5). This low correlation is also observed in figure 5.5.
Figure 5.5: Hardness (H) and phosphate peak width (PW ) for the analyzed specimens,
there is a negative but weak correlation (ρ = −0.56, R2 = 0.31) between hardness and
phosphate peak width
There is no significant difference in phosphate peak width between the analyzed carnivore specimens
(Gray wolf, Lion, Snow leopard and Oncilla), this would indicate that taxonomic classification (Caniformia
vs Feliformia) does not influence on phosphate peak width. There are significant differences in the
phosphate peak width between Common opossum (omnivore), Lion and Snow leopard (the latter are
large-prey carnivores), and between Black bear (omnivore) and all other specimens. Therefore, it could
be concluded that the type of food (even within the same food pattern) does influence on phosphate peak
width. Phosphate peak width is inversely related to enamel crystallinity. Changes in enamel crystallinity
are caused by food intake and enamel maturation time (Curson and Duggal, 2003; Humphrey et al., 2008;
Kallistová et al., 2018). Variations in enamel crystallinity produce variations in its mechanical properties;
the higher the crystallinity, the better its mechanical properties (Xu et al., 2012; Kallistová et al., 2018).
5.3.4 Enamel thickness and Decussated thickness
Enamel thickness and decussated thickness are jointly analyzed due to the high correlation between
them (ρ = 0.99). Two of the large-prey hypercarnivores (Gray wolf and Lion) have the thickest enamel,
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followed by the Black bear (omnivore), the Oncilla and the Snow leopard (both hypercarnivores) and
lastly the Common opossum (omnivore). In other words, according to these values, there does not seem
to be an influence on enamel thickness, either due to the type of diet or by the taxonomic classification.
Figure 5.6: Enamel thickness (ET ) and decussated thickness (DT ) for the analyzed
specimens
Enamel thickness is a relevant factor in terms of feeding patterns since it can influence the response of
the tooth from two points of view: morphological (the shape of the enamel coating on the dental crown)
and mechanical (wear and fracture resistance caused by the permanent contact with other teeth and with
food) (Shellis et al., 1998). Enamel thickness has been evaluated in humans (Daubert et al., 2016),
non-human primates (Lucas et al., 2009) and other mammals (Yilmaz, Koldehoff, and Schneider, 2018;
Häkkinen et al., 2019; Wang et al., 2019; Zhang et al., 2020a). Considering diet as a comparison factor,
several authors have found that, in animals that feed on hard foods, enamel is thicker (Teaford, 2007;
Ungar, 2008; Schwartz, McGrosky, and Strait, 2020). Differences have also been reported between the
thickness of tooth enamel between the buccal and lingual regions (in mandibular and maxillary molars
respectively) (Gantt and Rafter, 2008). Although in this investigation three different regions of the tooth
were evaluated (cervical, cuspal and intercuspal), different teeth were not compared nor the sides (buccal
or lingual) of the specimens were compared. However, the fact that the enamel is thick is not enough
to be able to feed on hard objects, this must be accompanied by a structural reinforcement, in this case,
enamel decussation (Rensberger, 2000)
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In the same way as in enamel thickness, there is no evidence that decussated thickness is influenced
by feeding patterns or by the taxonomic classification of the analyzed specimens (Fig. 5.6). The almost
perfect correlation between enamel thickness and decussated thickness may be due to an evolutionary
mechanism of enamel, regardless of the feeding pattern or taxonomy. The dependence between these
variables could be a fundamental parameter in the ultrastructure, helping to withstand repeated mechanical
loads during dental function, keeping the decussation fraction almost constant and therefore the energy
required for the creation and growth of cracks.
5.3.5 Decussated band thickness and Number of prisms in the decussated band
The high but not perfect correlation between decussated band thickness and number of prisms in the
decussated band (ρ = 0.87, Fig. 5.7) could be explained from the fact that a greater number of prisms in
the decussated band would cause an increase in the thickness of the decussated band, but it should also
be taken into account that the thickness of the decussated band also depends on prism diameter.
Figure 5.7: Decussated band thickness (DBTµm) and number of prism in the decussated
band (DBp) for the analyzed specimens
Both the prism diameter and the number of prisms in the decussated band in Common opossum
(omnivore) are the lowest among all the analyzed specimens, therefore the thickness of the decussated
band in this specimen is lower than in the other specimens. In the Oncilla (carnivore), the thickness of the
decussated band is low, but it does not show significant differences either with the Common opossum or
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with the other specimens. This low value is mainly due to the small number of prisms in the decussated
band that are not compensated with prism diameter (Table 4.5). There is no evidence that decussated
band thickness (Fig. 4.42) or the number of prisms in the decussated band (Fig. 4.46) are influenced
by feeding patterns or taxonomic classification since there are no significant differences between Black
Bear (omnivore and belonging to the sub-order Caniformia) and the hypercarnivore specimens (from
both sub-orders) or between Common opossum (omnivore) and Oncilla (hypercarnivore).
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6 Conclusions and Recommendations
This is the first time that the mechanical, chemical and ultrastructural properties of the dental enamel
of different mammals have been studied in search of coincidences and / or differences that lead to an
understanding of whether these enamel characteristics are due to general conditions of mammals or to
specific conditions of each species.
The correlation found by Park et al. (2008), Zhang et al. (2014), and Mansoor et al. (2019) between
elastic modulus and hardness (H) in human enamel was found in this study for the analyzed specimens
(ρ = 0.74). In the same way, changes in mechanical and chemical properties are observed with increasing
distance to the DEJ in all the specimens analyzed in this study. These changes have been previously
reported by Park et al. (2008) and Xu et al. (2012) for human enamel; Darnell et al. (2009) and Campbell
et al. (2012) for non-human primate enamel and by O’Brien et al. (2014) and Wang et al. (2019) for
other mammals. These variations in enamel mechanical and chemical properties should be taken into
account in the design of similar materials (brittle and with high fracture toughness, for example) to
achieve mechanical responses similar to those provided by enamel in response to chewing loads.
Furthermore, there is a negative correlation (ρ = −0.75) between BFQ and elastic modulus (E),
which is consistent with the importance of having a low elastic modulus when feeding on hard foods,
so that the enamel can withstand the stresses generated without fracturing and without losing tooth
functionality. Finally, phosphate peak width (PW ) is positively correlated with BFQ (ρ = 0.59) and
negatively correlated with hardness (ρ = −0.56), the correlation between mechanical and chemical
properties of human enamel was reported by Cuy et al. (2002) and Xu et al. (2012). Neither elastic
modulus nor hardness seem to be related either with feeding patterns or taxonomic classification. Finally,
phosphate peak width does not depend on the classification but it does seem to depend on feeding pattern.
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Considering ultrastructural properties, there is no significant correlation between BFQ and any of
the ultrastructural properties, which would allow to conclude that mammalian enamel ultrastructure is
independent of taxonomic classification or feeding patterns.
Mammalian prism shape and pattern may be influenced by taxonomic classification but not by
feeding patterns, however, enamel types seem to be independent of taxonomic classification or feeding
patterns. There is a positive correlation (ρ = 0.99) between enamel thickness (ET ) and decussated
thickness (DT ), which implies that for all samples analyzed, changes in enamel thickness are almost
completely reflected in changes in decussated thickness. This high correlation between enamel thickness
and decussated thickness and the fact that decussated fraction (defined as the fraction of enamel thickness
that is composed of decussated rods, DF = DT/ET ) is higher than 0.8 in all the analyzed specimens
(regardless of the taxonomic classification or feeding patterns of the analyzed species), could imply that
as Yahyazadehfar, Bajaj, and Arola (2013) reported, decussated fraction may be important in retarding
crack extension.
Enamel thickness is a relevant factor in terms of feeding patterns since it can influence the response
of the tooth from a morphological and a mechanical point of view. In other words, according to the
data found in this study, there does not seem to be an influence on enamel thickness, either due to the
feeding patterns or by the taxonomic classification. In the same way as in enamel thickness, there is no
evidence that decussated thickness is influenced by feeding patterns or by the taxonomic classification
of the analyzed specimens. Furthermore, the correlation between enamel thickness and decussated
thickness may be due to an evolutionary mechanism of enamel regardless of the feeding pattern or
taxonomy. Enamel thickness and decussated band thickness (DBTµm) as well as decussated thickness
and decussated band thickness are positive correlated (ρ = 0.51 and ρ = 0.52 respectively).
Considering that enamel decussation is responsible for retarding crack extension, it can be concluded
that crack growth retarding may occur from the external to the internal enamel and in a direction parallel
to the DEJ. In other words, the path that a crack must follow to cause enamel fracture may be longer.
There is no evidence that decussated band thickness or the number of prisms in the decussated band are
influenced by feeding patterns or taxonomic classification. There is a positive correlation (ρ = 0.58)
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between decussated fraction (DF ) and prism diameter (D) and between decussated band thickness and
the number of prisms in the decussated band (DBp) (ρ = 0.87). Decussated fraction depends on both
enamel thickness and decussated thickness, in turn these two properties as well as decussated fraction
depend on prism diameter. It could be concluded that both the number of prisms and their diameter are
important ultrastructural properties to retard the growth of cracks.
The spatial variation of enamel decussation patterns has not yet been explored in different species
of animals (mammals or not) and may be an important factor in the design of natural materials with
high fracture toughness. Finally, von Koenigswald and Goin (2000), Stefen (2001), Wiszniowska et al.
(2010), von Koenigswald, Holbrook, and Rose (2011), and von Koenigswald and Reumer (2020) have
extensively studied mammalian enamel ultrastructure. However, these studies cannot be directly compared
with what has been done in this study since: 1) they do not show measurements of ultrastructural
properties, 2) they do not compare these measurements between different species or 3) they do not relate
the mechanical, chemical and ultrastructural properties of the enamel with the bite force of mammals.
An important recommendation that arises from the analysis of the data of this study is to increase the
number of samples analyzed by each species, both in the number of teeth of the same specimen, and in
the number of specimens of each species analyzed, in addition to analyzing the variations on the different
surfaces of the tooth (buccal, lingual, palatal, occlusal, medial and distal, for example). It would also be
appropriate to analyze different types of teeth (incisors, canines, premolars and molars) in order to look
for variations in their properties according to their function when cutting, tearing and grinding food.
It would also be appropriate to study the correlation between the chemical properties of enamel,
mainly the width of the phosphate peak, with feeding patterns to determine the exact degree of correlation
and its relationship with phylogenetics.
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